Our previous in vitro study demonstrated that the rat hyperplasia suppressor gene (rHSG) inhibited the proliferation of C6 cells. In the present study, we investigated further the effects of rHSG overexpression on the apoptosis of C6 cells and the possible pathways involved. Hoechst 33342/PI double staining and comet assay were used to examine the morphological characteristics of apoptosis and to examine the effects of rHSG on the apoptosis of the C6 cells. Western blot analysis was used to determine the effects of rHSG overexpression on the protein expression levels of poly(ADP-ribose) polymerase (PARP), cleaved caspase-3, phosphorylated extracellular signal-regulated kinase 1/2 (p-Erk1/2), phosphorylated Akt (p-Akt) and phosphoinositide 3-kinase (PI3K)/Akt, as well as on the mitogen-activated protein kinase (MAPK) pathways induced by insulin-like growth factor (IGF)-1. Our results revealed that the C6 cells transfected with the rHSG adenoviral vector (Adv-rHSG-GFP group) efficiently expressed rHSG protein; Hoechst 33342/PI double staining and comet assay revealed that rHSG increased C6 cell apoptosis and induced DNA damage. Western blot analysis indicated that rHSG overexpression significantly increased the level of full-length PARP at 24 and 72 h (P<0.01), but decreased the level at 48 h following transfection (P<0.01), while the proteins levels of cleaved PARP and cleaved caspase-3 increased significantly (P<0.01). The protein expression of p-Erk1/2 and p-Akt began to decrease at 48 h post-transfection (P<0.01). In addition, the protein levels of Akt and Erk1/2 induced by IGF-1 were significantly inhibited. On the whole, the findings of the present study demonstrate that rHSG overexpression induces the apoptosis of rat glioma cells, and that these effects may involve the PI3K/Akt and MAPK pathways.
Introduction
Glioma is the most common primary central nervous system tumor, which accounts for approximately 50% of all neuroepithelial tumors (1) . The 5-year survival rate of patients with glioma is generally <50%. The median survival time is <1 year, and the majority of patients with this tumor succumb to the disease within 2 years following diagnosis (2, 3) , particularly those with glioblastoma multiforme (GBM), which is a highly malignant tumor with a high post-operative recurrence rate (4) . According to the statistics of WHO in 1998, malignant glioma is the second leading cause of death for all patients, the second leading cause of death for tumor patients aged <34 years, and the third leading cause of death for tumor patients between the ages of 35-54 years (5) . Current opinions suggest that the development and progression of glioma is a complex, multistep process with multiple genes involved.
The activation of multiple cell signaling pathways has been demonstrated to be involved in the development and progression of glioma, among which the vascular endothelial growth factor (VEGF) and Ras pathways have been widely considered to be involved (6) (7) (8) . In recent years, some information has already been obtained regarding the pathogenesis and treatment of malignant glioma (9) . However, the mechanisms involved in the invasive growth and infinite proliferation remain unclear. Further investigations of the pathogenesis of malignant glioma and search for novel treatment methods are of great importance for reducing the mortality associated with malignant glioma.
Over the past decade, the efforts in the development of more effective, novel gene therapies for the treatment of GBM have resulted in some pre-clinical information and in many promising gene therapies. The rat hyperplasia suppressor gene (rHSG), also known as the rat mitofusin-2 (rMfn2) gene, is a newly discovered gene. rHSG was found firstly in vascular smooth muscle cells (VSMCs) in hypertensive rats. The expression of rHSG has been shown to be significantly downregulated in the VSMCs of hypertensive rats compared with normal rats (10) . It has been demonstrated that rHSG regulates the apoptosis of VSMCs via the mitochondrial apoptotic pathway (11) . In vitro and in vivo studies have also demonstrated that the abnormal cell apoptosis and invasion during tumorigenesis is closely associated with the activation of extracellular signal-regulated kinase (Erk) (12) (13) (14) (15) . Therefore, inhibiting the activity of Erk may effectively inhibit tumor invasion and may promote cell apoptosis (16) (17) (18) (19) . A previous study demonstrated the evident disruption of the constitutively activated phosphoinositide 3-kinase (PI3K)/Akt signaling pathway in malignant glioma (20) . However, to the best of our knowledge, no study on the effects of rHSG on the PKCa/mitogen-activated protein kinase (MAPK) and PI3K/Akt pathways in glioma has been published to date.
Our previous in vitro study demonstrated that the overexpression of rHSG suppressed the proliferation of rat glioma cells, based on the findings that the protein expression level of rHSG was higher in the C6 cells in the group infected with Adv-rHSG-GFP; cell cycle was arrested at the G0/G1 phase, and rat glioma cell proliferation was markedly inhibited; the expression of p27
Kip1 and p21 Cip1 was increased, while the expression of PCNA was decreased (21) .
In the present study, we investigated the effects of rHSG on the apoptosis of C6 rat glioma cells and the roles of the protein kinase C (PKC)α/MAPK and PI3K/Akt pathways.
Materials and methods

Materials. C6 cells (Type Culture Collection of the Chinese
Academy of Sciences, Shanghai, China) and purified Adv-rHSG-GFP virus-containing solution (titer, 1x10 11 pfu/ ml) were preserved in our laboratory. Purified Adv-GFF virus-containing solution (titer, 1x10 11 pfu/ml) was purchased from Baosai Biological Technology Co., Ltd. (Beijing, China). Fetal bovine serum (FBS), Dulbecco's modified Eagle's medium (DMEM; high glucose), trypsin (0.25%), penicillin and streptomycin were purchased from HyClone (Logan, UT, USA). Insulin-like growth factor (IGF)-1 was purchased from Sigma-Aldrich (St. Louis, MO, USA). Mouse-anti-rat rHSG monoclonal antibody (Cat. no. ab56889) was purchased from Abcam (Cambridge, MA, USA); rabbit-anti-rat monoclonal antibodies to poly(ADP-ribose) polymerase (PARP; Cat. no. 9542S), caspase-3 (Cat. no. 9664S), phosphorylated (p-)Akt (Cat. no. 9271S), Akt (Cat. no. 9272S), p-Erk1/2 (Cat. no. 9101S) and Erk1/2 (Cat. no. 9102S) were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). Mouse-anti-rat β-actin polyclonal (Cat. no. TA-09) and goat-anti-mouse IgG (Cat. no. ZB-2305) antibodies, the immunohistochemical staining kits and DAB solution were purchased from Zhongshan Jinqiao Biotechnology Co., Inc. (Beijing, China). The Hoechst 33342/PI double staining kits, comet assay kits, total protein extraction kits, and BCA protein quantification kits were purchased from Kaiji Biotechnology Co., Ltd. (Nanjing, China). ECL luminol solution was purchased from Pierce Biotechnology, Inc. (Rockford, IL, USA).
Cell culture. C6 cells were thawed, and DMEM culture medium containing 10% FBS was added, and the cells were then incubated at 37˚C, 5% CO 2 (v/v) in an incubator with constant humidity. Following adhesion, DMEM medium contai ning 0.2% FBS was used to synchronize the cells for 24 h. Afterwards, adenovirus with optimal multiplicity of infection (MOI) was used to transfect the cells (PBS was used for the PBS control group) for 4 h, and the culture medium was then discarded; then the cells were continuously cultured with fresh full culture medium until use in the subsequent experiments.
Transfection of C6 cells with adenovirus. The C6 cells were divided into 3 groups, as follows: the PBS control, Adv-rHSG-GFP and Adv-GFP groups. The cells were seeded into a 6-well plate at a density of 1x10 5 cells/well, and then Adv-rHSG-GFP or Adv-GFP at an MOI of 0, 10, 50, 80 and 100 was added to transfect the cells. An inverted fluorescence microscope (Olympus TL-4; Olympus Optical Co., Ltd.,, Tokyo, Japan) and a flow cytometer (BD FACSCalibur; BD Biosciences, San Jose, CA, USA) were used to measure the MOI at the optimal transfection efficiency 24 h later. Green-stained cells were considered positive cells that had been successfully transfected. The transfection efficiency was considered high if 90% of the cells exhibited green fluorescence. The cells were collected at 24, 48, 72 and 96 h post-transfection for use in apoptosis assay.
Measurement of cellular rHSG expression by immunocytochemistry.
The C6 cells were seeded into a 24-well plate pre-coated with coverslips at a density of 5x10 4 cells/well and transfection was carried out following culture for 24 h. The cells were collected at different time points (24, 48, 72 and 96 h), and immunocytochemistry was then performed using immunohistochemical staining kits according to the manufacturer's instructions. Following visualization with DAB, contrast staining with hematoxylin, and dehydration with gradient ethanol, the slides were dried and mounted. The C6 cells with a brown-yellow or dark brown stained cytoplasm were considered as rHSG-positive. Upright microscope (Olympus BH2-RFCA) was used to obtain images at a magnification of x400. The images were imported to an image analysis system (Image-Pro Plus 6.0) to calculate the mean optical density of the positive areas on each slide (IOD/area), which was used as the index to reflect the positive strength of rHSG.
Determination of IGF-1 concentration and stimulation of C6 cells.
The C6 cells were seeded into 60-mm culture dishes at a density of 1x10 6 cells/well, and 10% DMEM medium containing 0, 1, 5, 8 and 10 ng/ml IGF-1 was used to stimulate the C6 cells for 15 min following culture for 24 h. Western blot analysis was applied for analyzing the expression level of p-Akt and p-Erk1/2 in order to determine the optimal concentration. By using the same method described above, the cells were stimulated with IGF-1 at the optimal concentration for 0, 5, 15, 30 and 60 min to determine the optimal stimulating time. Subsequently, the optimal concentration and treatment time for stimulation with IGF-1 would be applied to the relevant experiment.
Measurement of the protein expression of rHSG, PARP, cleaved caspase-3, p-Akt and p-Erk1/2 by western blot analysis.
The C6 cells were seeded into 60-mm culture dishes at a density of 1x10 6 cells/well, and treatments were then carried out. The cells were collected at different time points (24, 48, 72 and 96 h). Proteins were extracted from the cells using the total protein extraction kits according to the manufacturer's instructions, and the BCA method was used to determine the protein concentration. The appropriate volume of the protein sample was added to loading buffer, after boiling at 100˚C for 6 min to allow denaturation. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was then performed, and the proteins were then transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore Co., Millipore, Billerica, MA, USA) and blocked with 5% skim milk powder. Primary antibody was then added, followed by incubation at 4˚C overnight. The primary antibodies used in the present study include the antibodies against rHSG (1:400), PARP (1:1,000), caspase-3 (1:1,000), p-Akt (1:500), p-Erk1/2 (1:500) and β-actin (1:1,000). The membrane was then washed 3 times with TBST, after which the corresponding secondary antibodies were added. Subsequently, the chemiluminescence method was used to evaluate the relative protein level of rHSG.
Measurement of C6 cell apoptosis buy Hoechst 33342/PI double staining.
The C6 cells were seeded into a culture dish with a glass bottom that is specifically used for a laser scanning confocal microscope at a density of 1x10 5 cells/well. Following treatment, the cells in each group were washed with PBS once, and then 5 µl of Hoechst 33342 was added and mixed gently. The cells were then placed in the dark at room temperature for 10 to 15 min. PBS was then used to wash the cells once. PI solution (5 µl) was added after washing the cells with PBS for an additional 2 times, followed by gentle mixing. The cells in the respective groups were incubated in the dark at room temperature for a further 10-15 min. A laser scanning confocal microscope (LSCM; FV1000 IX81; Olympus) was used to observe the cells at a magnification of x400 immediately after another wash with PBS, and bi-channel images were then obtained with Hoechst (excitation wavelength of 350 nm) and PI staining (excitation wavelength of 488 nm).
Determination of DNA damage in C6 cells induced by rHSG by comet assay. The C6 cells were collected at different time points (24, 48, 72 and 96 h) and were resuspended with PBS to obtain a density of 1x10 6 cells/ml. The slides were covered with 3 layers of agarose gel, the upper and lower layers with 0.5% normal melting point (NMP) agarose and the middle layer with 0.7% low melting point (LMP) agarose with 10 4 C6 cells. The slides with agarose gel were placed in cell lysis solution at 4˚C for 24 h. They were then rinsed with PBS and immersed in fresh alkaline electrophoresis buffer at room temperature for 1 h to allow DNA unwinding. Electrophoresis was carried out for 20 min at 25 V, and the slides were then placed in a dish; 0.4 mm/l Tris-HCl solution (PH 7.5) was added for 10 min. Each slide was stained with 20 µl PI and covered with a coverslip. The slides were placed in the dark for 10 min to allow staining, and an inverted fluorescence microscope (Olympus TL-4; Olympus) was then used for observation and imaging. The cells with comet tails formed by the migration of DNA from the nuclei were considered to have DNA damage.
Statistical analysis. SPSS 19.0 statistical software was used for the statistical analysis. All the experiments were repeated at least 3 times. Quantitative data are expressed as the means ± standard deviation (SD) (n≥3 experiments); one-way analysis of variance (ANOVA) was used for comparing the means among different groups. A value of P<0.05 was considered to indicate a statistically significant difference.
Results
Effecient transfection of C6 cells with adenovirus. An inverted fluorescence microscope was used to observe the C6 cells at 24 h post-transfection, and it was found that the percentage of positive cells with GFP expression increased with the increasing MOI (Fig. 1C and D) . After obtaining the results using the microscope, the cells were collected and measured using a flow cytometer. The results revealed that when the MOI was 100, the transfection efficiency was >90% (Fig. 1A and B) . The C6 cells that were transfected with Adv-rHSG-GFP at an MOI of 100 were transiently fixed with paraformaldehyde. DAPI was used to stain the nuclei, and a fluorescence microscope was then used to estimate the transfection efficiency (Fig. 1E) . Therefore, the following experiments were carried out on the cells transfected with the virus at an MOI of 100.
High protein expression level of rHSG in C6 cells.
Immunocytochemistry revealed that rHSG protein was expressed in the cytoplasm of the C6 cells, which was brownyellow in color (Fig. 2A) . The protein expression of rHSG was significantly higher in the Adv-rHSG-GFP group compared with the control group or the Adv-GFP group (P<0.01, n=6 experiments; Fig. 2C ). The results of western blot analysis indicated the rHSG-specific band at each time point (Fig. 2B) ; the expression of rHSG was significantly higher in the Adv-rHSG-GFP group compared with the Adv-GFP and control groups (P<0.01, n=3; Fig. 2D ). These results demonstrated that the transfection of C6 cells with Adv-rHSG-GFP resulted in a high protein expression level of rHSG.
Apoptosis of the C6 cells induced by rHSG.
A laser scanning confocal microscope was used to observe the cells, and it was found that the C6 cells in the Adv-rHSG-GFP group exhibited distinct apoptosis-defining morphological changes at 24-96 h post-transfection. The cells exhibited chromosome condensation, karyopyknosis and nuclear fragmentation. In addition, the nuclei of the cells were deeply stained and presented with a brilliant blue color. The chromatin gradually aggregated adjacent to the nuclear membrane in the shape of a crescent moon. However, for the cells in the control and Adv-GFP groups, the nuclei exhibited homogenously distributed weak dark-blue fluorescence, and no sign of apoptosis was observed (Fig. 3) .
The C6 cells in the Adv-rHSG-GFP group were collected at 24-96 h post-transfection, and the results of comet assay indicated that the DNA of the cells had migrated from the nuclei and formed evident comet tails, suggesting the presence of DNA damage. However, no evident comet tails were observed in the control group or the Adv-GFP group (Fig. 4) .
The results of western blot analysis also revealed that the protein expression of full-length PARP increased significantly at 24, 72 and 96 h post-transfection in the Adv-rHSG-GFP group (P<0.01, n=3); however, the expression level decreased significantly at 48 h (P<0.01, n=3; Fig. 5A and B) . The protein expression of cleaved caspase-3 in the Adv-rHSG-GFP group was significantly higher than that in the control group or Adv-GFP group (P<0.01, n=3; Fig. 5C and D) ; however, no significant differences were observed between the control group and Adv-GFP group (P>0.05) (Fig. 5) .
rHSG promotes C6 cell apoptosis through the PI3K/Akt and Ras-Raf-MAPK pathways. The results of western blot analysis revealed that the expression of p-Erk1/2 began to decrease at 24 h post-transfection in the Adv-rHSG-GFP group, although the difference was not statistically significant as compared to the control or Adv-GFP group (P>0.05; Fig. 6A and B) . By contrast, the decrease was statistically significant from the time point of 48 h (P<0.01, n=3; Fig. 6A and B) . The expression of p-Akt was also evident at 48 h, but not at any of the other time points. In addition, the expression of p-Akt was significantly lower at 48 h in the Adv-rHSG-GFP group than in the control or Adv-GFP group (P<0.01, n=3; Fig. 6A and C); no significant difference was observed between the control and Adv-GFP groups (P>0.05; Fig. 6 ).
The expression levels of p-Akt and p-Erk1/2 increased after the C6 cells were stimulated with IGF-1, while the total expression levels of Akt and Erk1/2 were not significantly altered. The expression levels of p-Akt and p-Erk1/2 increased slightly when 1 ng/ml of IGF-1 was used, and increased significantly when 5, 8 and 10 ng/ml of IGF-1 were used (P<0.01, n=3; Fig. 7A-D) . The expression levels of p-Akt and p-Erk1/2 were the highest when 10 ng/ml of IGF-1 was used; thus, 10 ng/ml of IGF-1 was selected as the optimal concentration for the subsequent evaluation of p-Akt and p-Erk1/2 protein expression in the C6 cells. After the C6 cells were treated with the optimal concentration of IGF-1 for 0, 5, 15, 30 and 60 min, we found that the expression levels of p-Akt and p-Erk1/2 were the highest at the time (Fig. 7E-H) . Therefore, 15 min was selected as the optimal time point for the following experiments to measure the expression levels of p-Akt and p-Erk1/2 in the C6 cells stimulated with IGF-1.
The expression levels of p-Akt and p-Erk1/2 in the C6 cells stimulated with IGF-1 were significantly higher than the non-stimulated C6 cells (P<0.01, n=3). By contrast, the expression levels of p-Akt and p-Erk1/2 did not differ significantly between the control and Adv-GFP groups, but decreased significantly with time in the Adv-rHSG-GFP group (P<0.01, n=3). In addition, the expression levels of these two proteins were also significantly lower at each time point post-tranfsection compared with the control group (P<0.01, n=3; Fig. 8 ).
Discussion
rHSG has now been recognized as a hyperplasia suppressor gene. It has been demonstrated that transfection with rHSG promotes the apoptosis of some malignant cell lines, including hepatocellular carcinoma (HCC) cells and the bladder cancer cell lines, T24 and 5637, suggesting that rHSG has substantial pro-apoptotic functions (22, 23) . However, the effects of rHSG on glioma cell apoptosis have not been reported to date, at least to the best of our knowledge. The most important findings of the present study are that the overexpression of rHSG promoted the apoptosis of C6 cells, which were confirmed by a series of experimental findings. Firstly, a recombined adenovirus system was used to induce the highly efficient expression of rHSG in the C6 cells. Subsequently, several experiments including the observation of the cell nuclei morphological cahnges, DNA damage, and the measurement of the expression of apoptosisrelated factors demonstrated that the rHSG gene significantly promoted the apoptosis of C6 cells. Secondly, the measurement of the expression of p-Akt and p-Erk1/2, two important factors in the Ras-Raf-MAPK and PI3K/Akt pathways, revealed that rHSG significantly inhibited the expression of these two factors. Finally and most importantly, stimulating the cells with IGF-1, a factor that stimulates the Ras-Raf-MAPK and PI3K/Akt pathways, confirmed the association between rHSG and these two pathways, and further provided evidence of the role of the Ras-Raf-MAPK and PI3K/Akt pathways in the apoptosis of C6 cells. These findings suggest that rHSG is of great importance in identifying and treating many malignant cells, including glioma cells, as well as in apoptosis in cell proliferative disorders.
Previous studies have demonstrated that PARP is a substrate of caspase-3; therefore the activation of caspase-3 induces cell apoptosis, and thus PARP is also known as 'death substrate' (24) (25) (26) . PARP is associated with the repair of DNA and the integrity of genes. Caspase-3 recognizes the DVCD sequences in PARP following activation and thus cleaves PARP, which disrupts the normal functions of PARP. Altered PARP induces the activity of endonuclease that is negatively regulated by PARP, and thus finally degrades the DNA between nucleosomes and consequently induces cell apoptosis (27) (28) (29) (30) (31) (32) . The findings of the present study demonstrating that the transfection of C6 cells with rHSG induced cell apoptosis also confirmed these theories. However, we also observed that the expression of cleaved PARP increased during this process. The expression of full-length PARP was also increased at 24, 72 and 96 h post-transfection, suggesting that rHSG induces the activation of two pathways with opposite effects, namely one pro-apoptotic pathway and one anti-apoptotic pathway. We hypothesized that when rHSG induced DNA damage, in order to survive, the cells produced PARP for repairing the DNA. rHSG also activated the pro-apoptotic pathway, which activated the critical downstream factor, caspase-3, to cleave corresponding PARP, and thus the expression of cleaved PARP increased significantly. In the present study, we found that the expression of cleaved PARP increased considerably, while the expression of full-length PARP decreased significantly at 48 h post-transfection compared to the control and Adv-GFP groups, and this is the time point at which the rHSG protein level was the highest. These findings suggested that the DNA repairing effects of PARP at this time point were effectively inhibited, and the C6 cells were mainly in the state of apoptosis induced by rHSG.
In order to investigate further the effects of rHSG on the pathways of anti-/pro-apoptosis in the cells, we measured the levels of p-Akt and p-Erk1/2, which are the two critical factors in the Ras-Raf-MAPK and PI3K/Akt pathways. It has been demonstrated that inhibition of the MAPK pathway is also a factor that causes cell apoptosis; it has been shown that in pancreatic cancer cells and epithelial cells, the increased expression of p-Erk1/2 induced the phosphorylation of BAD protein, and thus inhibited cell apoptosis (33, 34) . The PI3K/Akt pathway is a classic pathway that inhibits cell apoptosis and maintains cell survival. PI3K interacts with phosphoinositide-dependent protein kinase (PDK) following activation, which activates Akt and thus increases the transcription of the downstream survival-related genes to maintain cell survival, or induce the phosphorylation of BAD protein to inhibit cell apoptosis (35) . The findings of the present study demonstrated that the protein expression levels of Erk1/2 and Akt decreased significantly at 48 h post-rHSG transfection, at which time point the rHSG level was the highest, but no significant decrease was observed at 24 h post-transfection. Therefore, we introduced IGF-1, a factor that stimulates the PI3K/Akt and MAPK pathways, to stimulate the cells. The stimulating effects of IGF-1 were firstly identified on the PI3K/Akt pathway (36, 37) , and further studies also found that IGF-1 activates the MAPK pathway as well (38, 39) . During the activation of these pathways, IGF plays an important role in anti-apoptosis (40, 41) . In the present study, Adv-rHSG-GFP was used to transfect the C6 cells, after which IGF-1 was used to activate the Erk1/2 and PI3K/Akt pathways in these cells. The expression levels of p-Akt and p-Erk1/2 increased significantly to protect the cells from apoptosis. However, the expression levels of p-Akt and p-Erk1/2 were significantly lower than the level in the control group at the corresponding time point of 24 and 48 h post-transfection. These expression levels decreased further with time. These findings indicated that the combined use of rHSG and IGF-1 significantly promoted the pro-apoptotic effects of rHSG on C6 cells. We hypothesized that the exogenous cell protective factor, IGF-1, decreased the repair and protective effects of the cells, and thus enhanced the pro-apoptotic effects of rHSG on the C6 cells. These findings suggested that the activation of the Erk1/2 and Akt pathways also protected the cells and inhibied the apoptosis induced by rHSG.
In conclusion, these findings suggest that the overexpression of rHSG promotes the apoptosis of rat glioma cells, and the molecular mechanisms involve the PI3K/Akt and Ras-Raf-MAPK pathways. The Ras-Raf-MAPK pathway may play a dominant role in the effects, suggesting that rHSG may be a potential target for the treatment of gliomas.
The present study provided additional evidence on the effects of rHSG on rat glioma (42) , which is also important for further studies on glioma. Changes in caspase-3 expression were also observed in the present study. However, further studies are required to investigate further the molecular mechanisms involved in the pro-apoptotic effects of rHSG on glioma cells, particularly the other two pathways with caspase-3 involvement.
